Heat transfer coefficient in the entrance region of water flowing through micro-tubes with diameters of 962 μm and 123 μm was investigated in this study. Two temperature measurement methods, thermocouple and liquid crystal thermography (LCT), were used to measure the tube surface temperature. The experimental data showed that the Nu in the entrance region can be predicted well by conventional correlation while using the LCT to measure the temperature. Using the temperature measurements from the thermocouples attached to the surface, the Nu is found to be significantly higher than the prediction. This was believed to be due to the error in measurement of temperature. Simulation results also revealed that the measured temperature for a small diameter tube can be significantly decreased with a thermocouple attached to it. In transition flow, the wall temperature was also found to have a significantly fluctuation, as large as 2 o C, due to the unsteady flow conditions, while for fully established laminar as well as turbulent flow conditions, the fluctuation was measured to be less than 0.2 o C. The effect of viscous heating was negligible in the range of parameters investigated in this study.
INTRODUCTION
Owing to the fabrication technology development during the past decades, the so-called micro tubes with internal diameters smaller than 1 mm can be easily made and used to increase the compactness of heat exchangers.
The study of heat transfer performance in micro channels has become more important. There have been many studies, including Wu and Little [1984] [1], Wang and Peng [1994] [2] , Yu et al. [1995] [3] and Adam et al. [1998] [4] , dealing with the single-phase forced convection heat transfer in micro tubes. Most of their tests results are significantly different from those of conventional forced convection heat transfer correlations, which were obtained for larger tubes. Yu et al. [1995] [3] studied the fluid flow and heat transfer characteristics of nitrogen gas and water in circular tubes with diameters of 19, 52 and 102 μm and Reynolds numbers ranging from 250 to 20,000. The measured friction factors were slightly lower than the Moody chart values for both laminar and turbulent flow regimes. However, the Nusselt numbers for cooling of water in the turbulent flow regime were considerably higher than would be predicted for larger tubes, suggesting that the Reynolds analogy does not hold for micro channel flow. Adams et al. [1998] [4] investigated turbulent single-phase forced convection of water in circular micro channels with diameters of 0.76 and 1.09 mm. The data suggested that the enhancement increases as the channel diameter decreases with increasing Reynolds number. Based on this data, along with earlier data for small circular channels by Yu et al. [1995] [3], a correlation was developed for the Nusselt number for turbulent, singlephase and forced convection in circular micro channels with diameters ranging from 0.102 to 1.09 mm. Adams et al. [1999] [4] investigated turbulent single-phase forced convection of water in non-circular micro channels with hydraulic diameter of 1.13 mm. The experimental results predicted by the Gnielinski correlation falls within ± 10%. From the results it was concluded that 1.2 mm was a lower limit for the applicability of standard turbulent single-phase correlations for non-circular [10] indicated that the heat transfer coefficient can be predicted well by conventional correlations. Guo and Li [2003] [11] proposed that measurement accuracy of a tube is one of the most important factors to cause the discrepancy between experimental data and conventional correlations.
The non-contact temperature measurement method of LCT was used to measure the temperature of small scale in some research. Hohmann and Stephen [2002] [12] used the non-encapsulated thermochromic liquid crystal (TLC) to investigate the heat transfer at an evaporating liquid meniscus. The measured surface area was 640 x 480 μm in a flat plate with a theoretical spatial resolution of less than 1 μm. Since the size of the normal commercial sensor for measuring micro-tubes surface temperature is comparable to the size of the micro tubes, it may not be accurate to measure the surface temperature by attaching a sensor on micro tube. Furthermore, since the size of the sensor and tube are extremely small, it is very difficult to have the sensor firmly contact the tube. In this study, the non-contact temperature measurement method, is applied to measure the micro tube surface temperature. Thermocouples with two attachment methods are compared to investigate the effect of the contact. This study is not intended to develop an accurate temperature measurement by thermocouple, but just to discuss the temperature measurement problems due to thermocouples. 
NOMENCLATURE

EXPERIMENTAL SETUP
The schematic diagram of the test facilities is shown in Figure 1 . A pressure vessel connected to high-pressure nitrogen was used to push the water through the test tube. The inlet water temperature was measured by a resistance temperature detector (RTD). DC power was clapped on both ends of the test tube to offer constant heat flux to the tube. The flow rate was measured by a programmable electronic microbalance. The relation between the hue value and temperature was calibrated in a thermostat box. It was used to offer an environment for the calibration of the TLC. The box is made up of wooden plates having thickness of 10 mm with a 10 mm heat insulator on it, as shown in Figure 2 . During the calibration process, electrical heating wires were attached to the inner surfaces of the box to maintain the entire box space at the designated temperature. The temperature inside the thermostat box can be adjusted by setting the input power on the heating wire. T-type thermocouples were placed on the test tube surface to measure its temperature distribution. A comparison test using a thermocouple to measure temperature was performed. This test was applied to qualitatively study the temperature measurement problem by thermocouple in a small tube. Figure 3 shows the 962 μm tube with a thermocouple attached. The external diameter of the tube is 1.26mm. Omega bond was used to cement the thermocouple joint and the tube surface after they were firmly connected. This connection method was commonly used to measure the surface temperature of large tubes. 
DATA REDUCTION
The heat transfer rate was measured from the DC power input and is equal to the enthalpy of water flow increased. Since the electrical power was added uniformly on the tube surface, the local water temperature, T x , at the position x from the heating entrance, can be estimated by: 
NUMERICAL SIMULLATION
In this study, a 3D numerical model was formulated to solve the conduction heat transfer problem. 
RESULTS
To reveal the stability of LCT in this study, hue versus temperature calibrations were performed for the 962 μm tube in different date, as shown in figure 5 . Plotted data of "Cal-A # 1" was a calibration performed immediately after the TLC was sprayed on the tube. "Cal-B # 1, Cal-B # 2 and Cal-B # 3" were calibrations for another sprayed TLC. "Cal-B # 1" was also performed immediately after the TLC was sprayed, while "Cal-B # 2" and "Cal-B # 3" were performed after 3 days and 7 days, respectively. From "Cal-A # 1" and "Cal-B # 1" it is observed that C and hue value under 90. It was also observed that hue value in the lower temperature region was slightly lower than the other calibration. This situation means that the TLC started to decay. In this work, all the experiments were performed within 2 days. The temperature measurement error caused by the calibration correlation changes can be neglected in this study. In figure 5 it is also observed that the slope is higher in the higher hue value region. This means the resolution to temperature is lower and the uncertainty to measure temperature is higher in the higher hue value region. Figure 6 shows the TLC color of the 123 μm tube. A thermocouple was attached to it by Omega bond. The external diameter of the tube was 250 μm and spread with 45 to 50 o C TLC. The tube was offered with uniform heat flux. It is observed that at the two ends of the tube the color is blue, which means the temperature is in higher temperature region. Near the bond the color is red, which means the temperature is in the lower temperature region of active range. The color showed of Omega bond was black, which means that the temperature is under than the active range. Figure 6 clearly reveals that the temperature was cooled down by the Omega bond and thermocouple. Figure 7 shows the comparison temperature measurements on 962μm tube, made by TLC and thermocouple. 3M tape and Omega bond were used to maintain the attachment between thermocouple sensor joint and test tube surface. It is observed that the temperature measured by thermocouple is significantly lower than that measured by TLC. The difference is more than 1 o C, which is significantly higher than the experimental uncertainty. The lower temperature measured by thermocouple is due to the attachment, which is not a perfect match (3M tape), or the thermal shunt problem (Omega bond). In this case the temperature error caused by Omega bond is slightly higher than that of 3M tape. The experimental values of the local Nu in the entrance region are compared with the correlation of Shan and Bhatti [1987] [13] , as shown in Figure 8 . Eight thermocouples were attached to the test tube to measure the temperature in equivalent distances from the entrance region to the fully developed region. The conventional correlation shows that the local Nusselt number decreases along the flow direction and asymptotically approaches the value of theoretical constant heat flux fully developed heat transfer coefficient, 4.36. Graetz number (Gz), which is defined as [(x/d)/RePr], was used to define the flow development situation. The lower Gz means the flow length is shorter or the Re is larger. Gz=0.05 was used to define the thermal developing situation.
Gz higher than this value was considered to be fully developed. From Figure 8 , it is observed that the data obtained from TLC can be well predicted by conventional correlation, while for the data from the thermocouples is significantly higher than the prediction. The departure increases with the increasing of Gz. This is because the thermocouple under estimates the wall temperature, as shown in the results in Figure 7 . For the same Re d , the lower Gz data means the temperature was measured in the entrance region. For constant heat flux heating, the fluid and wall temperature increases with the heating length. In the small Gz region (upstream entrance region of the tube) the wall temperature was lower. The temperature of tube wall and ambient were small, the under estimation of temperature was not significant. However, in the higher Gz region (downstream fully developed region of the tube) the wall temperature was high and the temperature difference between wall and ambient was much higher. The under estimate was significant. From equation (2) it can be observed that the underestimation of the wall temperature will cause the heat transfer coefficient to be higher. The higher underestimation in the fully developed region caused the Nu to be higher than that in the entrance region. From this equation it is observed that the temperature difference increases with the decreasing tube diameter. Considering the viscous heating the fluid temperature will be increased. The Nusselt number increases due to the fluid temperature increase. From equation (5) it is also observed that the fluid temperature increases with velocity and tube length. Figure 11 shows the effect of viscous heating on heat transfer coefficient for the 123 μm tube. Long length and high fluid velocity cases were plotted to clarify the effect of viscous heating. Both of the two cases show that there was no significant effect of viscous heating in this diameter. Considering the viscous heating, the Nu was increased with the increase of Re d from 2.4 to 3.7% for 145 mm length tube. For the 29 mm length tube the increase was from 0.1 to 0.3%. Viscous heating was considered to be negligible in this research due to the high c p of water. It was also found that the Nu of 29 mm length tube was significantly higher than 4.364 and is a function of Re d with Re d higher than 1,000. It was because of the measuring length was too short for the flow to be fully developed. The flow was still in developing region hence the Nu d was higher. For the 145 mm length tube the Nu d corresponded to 4.364 and did not change with Re d , since the tube length was long enough for the flow to be fully developed, even at high Re d . Figure 12 shows the temperature distribution of the 2 x 2 x 25mm test section without a thermocouple attached to it. The input heat was set to be 0.12 W with uniform heating to the test section. The temperature distribution was uniform, and the minimum to maximum values ranged from 61.6 to 62.2 o C. In the edge region the temperature is lower due to more heat transfer area under natural convection. The maximum temperature 62.2 o C appeared in the center of the test section surface. Figure  13 shows the temperature distribution of the test section with a thermocouple on it. The temperature distribution on the test section was not significantly influenced by the thermocouple. The thermocouple temperature was higher near the test section and decreased with the distance. The temperature in the attachment of test surface was 60.4 o C which was slightly decreased by the attached thermocouple. For the 0.2 x 0.2 x 25mm test section the decrease was significant. The temperature distribution without attaching a thermocouple is shown in Figure 14 . The input heat was set to be 0.037 W. The maximum temperature was 45.3 o C which was in the center of test section. By attaching the same size thermocouple the temperature was significantly decreased, as shown in Figure 15 . The temperature in the attachment was 40. Table 1 . 
